. Microstructure and tribological properties of WSx/a-C multilayer films with various layer thickness ratios in different environments. Surface and Coatings Technology, Elsevier, 2017, 309, pp.187-194. <10.1016/j.surfcoat.2016.071>. <hal-01500405>
Introduction
As a solid lubricant, WS 2 has been widely used in low temperature and aerospace environments due to its excellent performance of high bearing capacity, low friction coefficient, high wear resistance and so on [1, 2] . However, the friction coefficient increases and the wear resistance deteriorates greatly when it serves in humid air. The main reason is that the dangling bonds on the edge of WS 2 crystals are more chemically active and can easily be oxidized in oxygen or humid atmosphere [3] [4] [5] , which limits the scope of its application.
Recent studies showed that the addition of metallic elements to WS 2 film such as Cr [6] , Ag [7, 8] , Cu [9] , Ti [10] could densify the film, thereby increase the hardness and the adhesion to substrate and improve the wear resistance of the film. The doping of nonmetallic elements such as C and/or N [11] [12] [13] [14] [15] could destroy the columnar morphology, greatly increase the hardness and adhesion of the film due to the presence of W-C and/or W-N phase and lead to a significantly improved wear resistance. Moreover, the WC/DLC/WS 2 nanocomposite film [16, 17] also showed a
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Since the nanometer-scale multilayer film was expected to exhibit good mechanical properties, the WS 2 /MoS 2 multilayer films [18] [19] [20] were also investigated.
The relevant results showed that the WS 2 /MoS 2 multilayer films were of low friction coefficients and long endurance life in comparison to those of the individual single-layer materials in atmosphere and/or in vacuum. Based on the results above and the excellent tribological properties of amorphous carbon (a-C) in humid air [21] , the addition of a-C layer to WS x film is expected to fabricate a WS x /a-C multilayer film with better tribological performance in humid air. In this paper, the WS x /a-C multilayer films with various layer thicknesses ratios of a-C to WS x (i.e. L a-C /L WSx , or modulation ratio) have been prepared by RF magnetron sputtering technique. The microstructure and tribological properties of the films in vacuum, in humid air and in distilled water have been investigated. Also, the effects of L a-C /L WSx on microstructure, mechanical and tribological properties of the films and the role of the a-C sublayer have been discussed.
Experimental

Film preparation
WS x /a-C multilayer films were deposited on Si (111) wafer substrates by sputtering alternately WS 2 target (99.9 wt.% in purity, 60 mm in diameter) and graphite target (99.99 wt.% in purity, 60 mm in diameter) in Ar gas atmosphere. The silicon substrate was degreased ultrasonically in acetone and absolute alcohol for 15 A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 5 
Characterization of the films
To elucidate the phase structure of the films, the X-ray diffraction experiments were carried out by using a X-ray diffractometer (X'PERT PRO, X'Celerator detector, A C C E P T E D M A N U S C R I P T
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The hardness of the films was measured by using a nano-indenter (Nano Indenter G200, Agilent) with a maximum load of 0.6 mN and the continuous stiffness method.
The adhesion of the films was evaluated by using a scratch tester ( calculated from the abrasion volume measured by using a profilometry (Dektak3). The EDS results are listed in Table 1 . There exist S, C, W and O elements in the films. It can be seen that the S/W ratio of the films is between 1.38 and 1.62, indicating a certain loss of S element during the deposition process, which is in agreement with the results reported in the literatures [22, 23] . With the increase of L a-C /L WSx ratio, the S/W ratio of the multilayer films also increases and it is higher than the ratio for the single WS x film. It means that the addition of a-C layer can significantly raise the sulphur content in WS x layer. The possible reason is that the coverage of a-C layer onto WS x layer can prevent the WS x layer from being bombarded by high energy species and then restrain the loss of sulphur element from the WS x layer. The thinner the WS x layer thickness is, the shorter the bombarded duration of the WS x layer is. Consequently, the sulphur content of WS x layer increases with increasing the L a-C /L WSx ratio.
Results and discussion
Composition and microstructure
The XRD patterns of the films are shown in Fig.2 . The diffraction peak of WS 2
(101) appears in the single WS x film and the peak (002) is very weak, indicating that the single WS x film is of (101) [36, 37] . With increasing etching duration from 0 s to 960 s, the total area percentage of the latter two peaks drops from 64.6% to 16.9%, indicating that the WO x S y is partially removed as a surface contaminant by the etching. In Fig.4c , the C 1s spectrum before etching can be deconvoluted into four peaks [38, 39] Based on the similarity of XPS spectra between the sample with L a-C /L WSx ratio of 1:19 and the single WS x film, it can be concluded that there is no obvious change in phase structure of the a-C layer and WS x layer in multilayer films. The main reason is that the deposition of the film is conducted at room temperature. Fig.5 shows the dependence of the hardness and the adhesive strength of the films with different L a-C /L WSx ratios. In Fig.5a , the hardness of the multilayer films reaches the maximum at the L a-C /L WSx ratio of 1:9 and is higher than that of the calculated value (black solid bar) based on the rule of mixture. This suggests a positive effect of
Hardness and adhesive strength of the films
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interface strengthening in the multilayer films and the inapplicability of the rule of mixture here. As for the single a-C film, since the content of sp 2 C-C bond in the film is much higher than that of sp 3 C-C bond, its hardness is therefore much lower compared to the DLC films [44] . From Fig.5b , the adhesion of the multilayer films rapidly decreases to reach the lowest value and then increases with an increasing L a-C /L WSx ratio. We believe that this trend could be attributed to the change of stress distribution induced by the increasing thickness of a-C layer in a modulation period.
The detailed stress distribution in the multilayer films needs further study. Fig.6 shows the SEM morphologies of the films after tribological tests in different environments. In vacuum, the surface of the single WS x film (Fig.6a) is characterized by many wear debris, scratches and a large width of wear track, but the film is not removed; on the contrary, the single a-C film (Fig.6j ) has been completely worn out and the width of the exposed silicon substrate in the wear track is significantly large than that of the other films. According to Fig.6d and (Fig.6b) , the sample with L a-C /L WSx ratio of 1:19
Tribological properties of the films
( Fig.6e ) and the sample with L a-C /L WSx ratio of 1:4 ( Fig.6h ) present a larger width of
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13 the wear tracks compared to that of the film in vacuum. This indicates that the wear resistance of the above films in humid air is lower than in vacuum. Based on the observation shown in Fig.6k and Fig.6j , we can conclude that the wear resistance of the single a-C film in humid air is greatly improved in spite of partial peeling on the wear track. The wear mechanism between the multilayer films and the Si 3 N 4 balls in humid air is found to be the same as in vacuum. In distilled water, it can be seen that all of the films are worn out (Fig.6c, 6f, 6i, 6l ), the exposed silicon substrate exhibits a relatively rough topography with few debris, which may be related to the agitation (or movement) of the distilled water by continuously taking away the wear debris during the tests. 
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( Fig.7c) , the instantaneous friction coefficients of all the films are stable before an abrupt increase. However, the time at which the instantaneous friction coefficient increases abruptly is apparently shorter than those of the films in vacuum and in humid air.
Based on the data in Fig.7 , the average (steady-state) friction coefficient is calculated in the sliding time range of 51-450s for the film in vacuum and in humid air and 51-350s for the film in distilled water and is illustrated in Fig.8a . environments. The appearance of this phenomenon is likely caused by a relatively high content of oxygen in these films (see Table 1 ).
With respect to the wear resistance of the film in vacuum (Fig.8b) , the wear rate of the single a-C film is close to that of the single WS x film, while the wear rate of the multilayer films is about 8% ~ 10% of the single WS x film and achieves the minima value (5.7×10 -15 m 3 N -1 m -1 ) at the L a-C /L WSx ratio of 1:9. The possible reason for the better wear resistance of the multilayer films is that the multilayer film is of higher hardness than the single WS x film (see Fig.5a ), according to the Archard equation [47] .
In humid air, the single a-C film has the best wear resistance and the wear rate of the multilayer films reaches the maximum value (4.5×10 -14 distilled water, demonstrating that the wear resistance of a-C film is much better than that of the single WS x film in this condition. However, it can be seen that the wear rate is quite constant for different multilayer films. The possible reason is that the film's wear rate in distilled water is about 3 ~ 4 times higher than in humid air and the actual difference among the wear resistances of these films cannot be presented accurately due to a rather thin thickness of the films.
By comparing the wear rates of the film in different environments, one can see that the single WS x film is of the best wear resistance in vacuum, the wear rate in humid air or distilled water is 1.8 or 5.4 times higher than in vacuum. The single a-C film exhibits the best wear resistance in humid air and the wear rate in vacuum or in distilled water is 6.4 or 2.9 times higher than in humid air. As for the multilayer films, the wear resistance of the films in vacuum is much better than in humid air or in distilled water. Since the wear rates of different multilayer films under three test environments are much lower than those of single WS x film and the friction coefficients are close to or even lower than that of single WS x film, it can be concluded that the WS x /a-C multilayer films are of better tribological properties and longer lifetime compared with single WS x film. 
Conclusions
